Using first-principles density functional theory calculations, we systematically investigate the structural, electronic and vibrational properties of bulk and potential single-layer structures of perovskite-like CsPb 2 Br 5 crystal. It is found that while Cs atoms have no effect on the electronic structure, their presence is essential for the formation of stable CsPb 2 Br 5 crystals. Calculated vibrational spectra of the crystal reveal that not only the bulk form but also the single-layer forms of CsPb 2 Br 5 are dynamically stable. Predicted single-layer forms can exhibit either semiconducting or metallic character. Moreover, modification of the structural, electronic and magnetic properties of single-layer CsPb 2 Br 5 upon formation of vacancy defects is investigated. It is found that the formation of Br vacancy (i) has the lowest formation energy, (ii) significantly changes the electronic structure, and (iii) leads to ferromagnetic ground state in the single-layer CsPb 2 Br 5 . However, the formation of Pb and Cs vacancies leads to p-type doping of the single-layer structure. Results reported herein reveal that single-layer CsPb 2 Br 5 crystal is a novel stable perovskite with enhanced functionality and a promising candidate for nanodevice applications.
I. INTRODUCTION
In recent years, hybrid organic-inorganic lead halide perovskites have attracted immense interest because of their low cost, easy fabrication and superior optoelectronic properties.
1,2 These hybrid perovskites exhibit great potential in device applications such as photodetectors, 3 laser devices, 4 flexible solar cells, 5 and light emitting diodes (LEDs). 6, 7 One of the most studied organic-inorganic hybrid perovskite is CH 3 NH 3 PbX 3 (where X = Cl, Br, or I). Noh et al. showed that the band gap of CH 3 NH 3 Pb(I 1−X Br X ) can be controlled by composition engineering and the absorption edge of the mixed halide perovskite can be altered in a controlled manner to cover almost the whole visible spectrum. 8 It was also demonstrated that organic-inorganic hybrid perovskites exhibit high power conversion efficiency of exceeding 20%. 9, 10 The fully inorganic CsPbX 3 (X = Cl, Br, or I) exhibits higher chemical stability and excellent optoelectronic properties compared to organic-inorganic perovskites. [11] [12] [13] It was found that these all-inorganic materials exhibit extremely high fluorescence quantum yield, very narrow emission bandwidth, and suppressed fluorescence blinking. 14, 15 It was shown that CsPbBr 3 exhibits high carrier mobility and large diffusion length. 16 It has been theoretically predicted that CsPbBr 3 is highly defect-tolerant in terms of its electronic structure.
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After successful isolation of graphene monolayers from bulk graphite, research on ultrathin 2D crystal structures has experienced a remarkable growth. 18 It has been demonstrated by many groups that quantum effects that emerge as a consequence of dimensional reduction may lead to novel features in low-dimensional materials. 19, 20 The rapid progress in the synthesis and fabrication methods of 2D materials has not only led to exploration of graphene-like materials but also monolayer 2D hybrid perovskites. It was reported that thickness and photoluminescence emission of hybrid perovskite nanoplatelets can be controlled by varying the ratio of the organic cations used. 21 Recently, atomically thin organic-inorganic hybrid perovskite synthesized with efficient photoluminescence and modulation of color have been achieved by tuning the thickness and composition of the crystal. 22 The synthesis of layered CH 3 NH 3 PbX 3 (where X = Cl, Br, or I) down to a thickness of a few unit cell and even single unit cell layers were accomplished by a combined solution process and vapor-phase conversion method. 23 It was found that by controlling atomic ratio of the halide anions, stability of the hybrid perovskites can be improved. 
II. COMPUTATIONAL METHODOLOGY
All the calculations were performed using the projector augmented wave (PAW) 34, 35 potentials as implemented in the Vienna ab initio Simulation Package (VASP). 36, 37 The local density approximation (LDA) 38 was used with the inclusion of spin-orbit coupling (SOC)
to describe exchange and correlation potential as parametrized by the Ceperley and Alder functional. 39 To obtain partial charge on the atoms, the Bader technique was used.
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A plane-wave basis set with kinetic energy cutoff of 500 eV was used for all the calculations. The total energy difference between the sequential steps in the iterations was taken calculations. The cohesive energy per atom was formulated as
where E a denotes the energy of a single isolated atom and n a denotes the number of corresponding atoms contained in the unit cell. E Str denotes the total energy of the structure.
N denotes the number of total atoms contained in the unit cell. Phonon calculations were performed by making use of the small displacement method as implemented in the PHON software package. Before a detailed discussion of the potential single-layer forms of CsPb 2 Br 5 , we first inves- Table I , the calculated lattice parameter and thickness of Pb 2 Br 5 are a = 8.09Å and h = 3.72Å, respectively. These values are relatively small compared to those of bulk. The calculated bond lengths between the atoms of the structure are given in the Table I . To assess the dynamical stability, phonon dispersions of single-layer Pb 2 Br 5 are calculated and shown in Fig. 3 (a) . A 3×3×1 supercell is used for the phonon band structure calculations of single-layer forms of the crystal. The phonon spectra of the structure exhibit imaginary eigenvalues through all the symmetry points, indicating the instability of the structure.
Instability in the structure could be attributed to the charge transfer mechanism between ions of the structure. As given in Table I, For a deeper analysis of instability of single-layer Pb 2 Br 5 , atomic displacements of the lowest mode are shown in the inset of phonon band diagram of Fig. 3 (a) . It appears that the mode responsible for the instability of the structure is due to vibrations of Br i and Br s atoms normal and parallel to the plane of the structure, respectively. Imaginary eigenfrequencies in the whole Brillouin Zone indicate the lack of required restoring force against these atomic motions. Therefore, the structure is unstable under this motion and transforms to another phase. This instability can be cured by increasing the bond strength between Pb and Br atoms through adding an extra charges.
As shown in the Fig. 3 (b) , single-layer of CsPb 4 Br 10 is formed through half of the single-side of Pb-Br layer covered by Cs atoms. The lattice parameter and the thickness of the structure are a = 8.18Å and h = 3.77Å, respectively. It is found that the singlelayer CsPb 4 Br 10 is formed by a cohesive energy of 3.21 eV. Since one side of the structure is covered by Cs atoms, the bonds show anisotropy in the vertical direction (see Table I ). In addition, cohesive energies of these two structures are given in Table I In this chapter, in order to facilitate a deeper understanding of the role of Cs atoms, we examine the stability of Cs-free Pb 2 Br 5 , which is already presented to be unstable in the previous chapter, via charging calculations.
Given values of the bond lengths belong to
One low-lying optical and one acoustic phonon branches that have imaginary eigenfrequencies are the direct indication of dynamical instability in the single layer structure of Cs-free Pb 2 Br 5 . However, as calculated in the previous chapter, single layer skeleton structure of Pb 2 Br 5 can be stabilized through the adsorption of Cs atoms. Therefore, the question arises as to whether or not the stability of CsPb 2 Br 5 is provided only by the charge transferred from Cs atoms to Pb 2 Br 5 skeleton.
As shown in Fig. 4 , the role of electron transfer on the stability of Pb 2 Br 5 can be examined through the addition of extra electrons into the primitive unit cell. Here, it is important to note that once the unit cell is charged by extra electrons, structure is re-optimized by considering the new charge distribution and phonon calculations are performed for this fully-relaxed structure. 
where E f orm is the formation energy of the relevant vacancy, E SL+vac is the total energy of the supercell with vacancy, E A is the isolated-single-atom energy of the removed atom and E SL is the total energy of supercell of single layer. 
VI. CONCLUSIONS
In conclusion, using first-principle calculations, we investigated the structural, electronic 
